Abstract: Propagation effects on the narrow bipolar pulses (NBPs) or the radiation fields generated by compact cloud discharges as they propagate over finitely conducting ground are presented. The results were obtained using a sample of NBPs recorded with high time resolution from close thunderstorms in Sri Lanka. The results show that the peak amplitude and the temporal features such as the full width at half maximum (FWHM), zero-crossing time, and the time derivative of NBPs can be significantly distorted by propagation effects. For this reason, the study of peak amplitudes and temporal features of NBPs and the remote sensing of current parameters of compact cloud discharges should be conducted using NBPs recorded under conditions where the propagation effects are minimal.
Introduction
The knowledge concerning the characteristics of electromagnetic fields generated by lightning flashes is of importance in evaluating the interaction of these electromagnetic fields with electrical networks and in the remote sensing of lightning current parameters from the measured fields [1] [2] [3] [4] . However, electromagnetic fields generated by lightning flashes change their character as they propagate over the ground surface due to selective attenuation of the high frequency signals by finitely conducting ground (i.e., propagation effects). Thus, depending on the distance of propagation and the conductivity of ground, the peak, the rise time, full width at half maximum (FWHM), zero-crossing time of the lightning generated electromagnetic fields and their time derivatives measured at a given distance from the lightning channel may deviate more or less depending on the conductivity from the values that would be present over perfectly conducting ground.
Most of the studies conducted so far on the propagation effects have concentrated on the radiation fields generated by return strokes [5] . Propagation effects on pulses generated by cloud flashes were investigated by Cooray [6] . Narrow bipolar pulses (NBPs) are radiation fields generated by short duration cloud discharges known as compact cloud discharges [7] [8] [9] [10] [11] [12] [13] [14] [15] . To the best of our knowledge, studies pertinent to the propagation effects on the NBPs are not available in the literature. In this paper, we will study the propagation effects caused by finitely conducting ground on the NBPs. Let us assume that the channel of the compact cloud discharge is vertical. Let Z1 be the height of origin of the discharge and Z2 be the height where it was terminated. The vertical electric field at a point of observation located at ground level, caused by the current flowing along the discharge channel is given by 
In the above equation, 2 1 j = − , c is the speed of light in free space, ( , ) I z jω is the current in the channel element dz and ( , , )
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In the above expression Let us assume that the channel of the compact cloud discharge is vertical. Let Z 1 be the height of origin of the discharge and Z 2 be the height where it was terminated. The vertical electric field at a point of observation located at ground level, caused by the current flowing along the discharge channel is given by
In the above equation, j 2 = −1, c is the speed of light in free space, I(z, jω) is the current in the channel element dz and a(z, jω, ρ) is the attenuation function. The attenuation function is given by [6] a(z, jω,
In the above expression
In these equation, ε is the relative dielectric constant, σ is the conductivity of soil, and er f c is the complementary error function. The angle θ r is defined in Figure 1 .
Observe that the electric field given by Equation (1) is directed into the ground and, since we use atmospheric sign convention, it is assumed to be of positive polarity. Since the length of the channel of compact cloud discharges is no more than a few hundred meters (as inferred from the pulse durations) the attenuation function can be replaced by the function corresponding to height Z 1 i.e., a(Z 1 , jω, ρ). With this approximation, Equation (1) can be inverse Fourier transformed into time domain as
In the above equation, W(Z 1 , t, ρ) is the inverse Fourier transformation of a(Z 1 , jω, ρ) and E z,s,cl (t, ρ), E z,i,cl (t, ρ), and E z,r,cl (t, ρ) are the static, induction, and radiation field components, respectively, of the electric fields generated by the compact cloud discharge over perfectly conducting ground. These field components are given by
In the case of pure radiation fields, Equation (8) reduces to
Using the above technique, if the undistorted radiation fields generated by compact cloud discharges (i.e., NBPs) are available, they can be used in the above equation to evaluate the propagation effects.
Results and Discussion
In this study, the narrow bipolar pulses recorded from nearby thunderstorms in Sri Lanka, in May 2013, are used as the undistorted waveforms. In other words, we assume that the recorded waveforms are not distorted by propagation effects. The reason for this assumption is the following. The measuring station is located about 50 m from the Indian Ocean and the thunderstorms were located within about 20-80 km over the ocean (based on satellite images). Since the path of propagation of the waveforms is over salt water, the propagation effects on the sample of data selected in the analysis is minimal. The presence of 30 MHz radiation in the recorded waveforms also confirms this assertion. The experimental set up used to record the data and the general features of the recorded NBPs were presented previously in Gunasekara et al. [15] .
Since the recorded NBPs are pure and undistorted radiation fields, Equation (12) can be used to calculate the propagation effects. In order to calculate the propagation effects, the only other parameter that is necessary is the height of origin of the bipolar pulses. Unfortunately, the heights of origin of the narrow bipolar pulses are not known but they may occur at heights from about 5 km to 13 km; as such, calculations are done for several heights of origin. The main features of propagation effects do not change significantly as this height is changed and results pertinent to 5 km height are presented in this publication.
As previously noted by Cooray [6] , propagation effects are different for a source located at ground and for a source located at a certain height from ground level. In the case of a source located at ground level, the distance radiation field consists only of a ground wave. In the case of a source located above the ground level, the distance radiation field consists of a ground wave and a sky wave. It is the ground wave that is being attenuated by the finitely conducting ground. For this reason, in the case of a source located at a certain height from ground level, this is the only part of the distant radiation field which is affected by the finitely conducting ground. In order to illustrate this, assume that the source is excited by a current moment whose temporal variation can be represented by a ramp function. In this case, the radiation field over perfectly conducting ground will have the temporal shape of a step function. However, when the ground is finitely conducting this shape will be modified due to attenuation of high frequencies. The resulting radiation field signature at two distances over finitely conducting ground of 0.001 S/m is shown in Figure 2 . In the calculation, the height of the source from ground level was fixed at 5 km. Observe that part of the radiation field still behaves as a step and this is the part associated with the sky wave. Note how the amplitude of the sky wave decreases with distance. Let us now consider the propagation effects on NBPs.
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An example of a narrow bipolar pulse propagating 10 km, 50 km, 100 km, and 200 km over finitely conducting ground of ground conductivity 0.001 S/m is shown in Figure 3 . In this figure, the amplitude of the radiation field over perfectly conducting ground is normalized to unity. Moreover, in order to illustrate the propagation effects, the decrease of the radiation field with distance over perfectly conducting ground is removed from the data. That is, if there were no propagation effects all the waveforms would have an amplitude equal to unity. In the calculation, the height of origin of the pulse is assumed to be 5 km. Observe that the propagation effects significantly distort the waveform.
They reduce the peak amplitude of the pulse significantly. At the same time, the propagation effects lead to the increase in the zero-crossing time of the pulse.
The propagation effects on the derivative of a NBP is shown in Figure 4 . Observe how the amplitude of the pulses associated with the derivative of the NBP decreases very rapidly with distance.
In order to study the attenuation of the peak amplitude of the NBPs due to propagation, let us define the attenuation coefficient A at any given distance as the ratio between the peak amplitude of the NBP over finitely conducting ground at that distance and the corresponding peak amplitude that would be present at the same distance over perfectly conducting ground. In other words, if the ground is perfectly conducting then A = 1 at any distance and it decreases with decreasing conductivity. In Figure 5 , the variation of A for negative NBPs, positive NBPs, and for the derivatives of NBPs are depicted as a function of distance for 0.001 S/m conductivity and for a source height of 5 km. In the case of the derivatives of the NBPs, the value of A is estimated using the largest amplitude of the derivatives at the given distance. First, observe that the propagation effects can significantly decrease the peak amplitude of the NBPs and their derivatives are severely attenuated by the finitely conducting ground. The attenuation of the initial peak is larger the longer the distance of propagation and the smaller the conductivity of ground. For this reason, only the NBPs measured from nearby thunderstorms over good conducting ground should be used in gathering statistics on the peak amplitude of NBPs. As one can see from Figure 3 , the same is true for the zero-crossing time of the NBPs. Note in Figure 3 how the zero-crossing time is increased by a factor of about 2 in the waveform that has propagated 200 km over finitely conducting ground.
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In order to study the attenuation of the peak amplitude of the NBPs due to propagation, let us define the attenuation coefficient A at any given distance as the ratio between the peak amplitude of the NBP over finitely conducting ground at that distance and the corresponding peak amplitude that would be present at the same distance over perfectly conducting ground. In other words, if the ground is perfectly conducting then A = 1 at any distance and it decreases with decreasing conductivity. In Figure 5 , the variation of A for negative NBPs, positive NBPs, and for the derivatives of NBPs are depicted as a function of distance for 0.001 S/m conductivity and for a source height of 5 km. In the case of the derivatives of the NBPs, the value of A is estimated using the largest amplitude of the derivatives at the given distance. First, observe that the propagation effects can significantly decrease the peak amplitude of the NBPs and their derivatives are severely attenuated by the finitely conducting ground. The attenuation of the initial peak is larger the longer the distance of propagation and the smaller the conductivity of ground. For this reason, only the NBPs measured from nearby thunderstorms over good conducting ground should be used in gathering statistics on the peak amplitude of NBPs. As one can see from Figure 3 , the same is true for the zero-crossing time of the NBPs. Note in Figure 3 how the zero-crossing time is increased by a factor of about 2 in the waveform that has propagated 200 km over finitely conducting ground. It is interesting to note that NBPs were first detected by LeVine [7] as the events that produced the highest amount of high frequency (HF) radiation among various radiation field pulses produced It is interesting to note that NBPs were first detected by LeVine [7] as the events that produced the highest amount of high frequency (HF) radiation among various radiation field pulses produced It is interesting to note that NBPs were first detected by LeVine [7] as the events that produced the highest amount of high frequency (HF) radiation among various radiation field pulses produced by lightning flashes. Now, a feature of the NBP that distinguishes it from other lightning events is the signature of its derivative. Its derivative contains a large amount of high frequency oscillations (see Figure 4) and it is possible that the HF radiation detected by LeVine [7] was generated by the same process that gives rise to these rapid oscillations in the derivatives of the NBPs. However, these high frequency oscillations in the derivative will rapidly decrease as the NBP propagates over finitely conducting ground and as a result one may not be able to distinguish these pulses from other radiation field pulses generated by cloud flashes when they have propagated significant distances over finitely conducting ground. Thus, in order to separate NBPs from other cloud events they have to be measured in such a way so that the propagation effects are minimal and the main features that distinguish them from other lightning radiation pulses are retained.
The propagation effects not only reduce the amplitudes but also modify the shape of the waveforms. As one can see from the results presented in Figure 3 , the zero-crossing time, the full width at half maximum (FWHM), and the ratio of the initial peak to the opposite overshoot also change as the waveform propagates along finitely conducting ground. Figure 6 shows how the average zero-crossing time of the negative narrow bipolar pulses (based on 100 waveforms) varies as the pulses propagate over finitely conducting ground. Figure 7 depicts how the FWHM is increased due to propagation effects. Results are shown in Figures 6 and 7 for two conductivities: 0.001 S/m and 0.0005 S/m. The results show that the zero-crossing time of the undistorted narrow bipolar pulses is about 4 µs, but it could increase to about 10-15 µs after about 100 to 200 km propagation over finitely conducting ground. The average FWHM of the undistorted NBPs is about 2.1 µs and it can increase to about 3 µs due to propagation effects. The average values of the undistorted zero-crossing time and the FWHM are in agreement with the results presented by Gunasekara et al. [15] . These features of the propagation effects have to be considered when remote sensing is used to measure the currents in compact cloud flashes using the features of narrow bipolar pulses.
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Conclusions
The results presented in this paper show that, due to their narrow width, the peak amplitude, the zero-crossing time, the FWHM, and the time derivatives of NBPs or the radiation fields from Another waveform parameter that is affected by propagation effects is the ratio of the initial peak to the peak of the opposite overshoot. Figure 8 depicts how this parameter varies as the negative NBPs propagate over finitely conducting ground. Note that the way in which this parameter varies with distance is rather complex. This ratio depends on how the two peaks (initial peak and the opposite overshoot) are attenuated with distance. This in turn depends on the frequency content or the time width associated with the peaks. According to the results given in Figure 8 , initially the opposite overshoot is attenuated more than the initial peak, but once the propagation distance becomes 50 km or so the attenuation of the initial peak becomes larger than the opposite overshoot. For this reason, for distances larger than about 50 km the ratio starts to decrease with distance. Another waveform parameter that is affected by propagation effects is the ratio of the initial peak to the peak of the opposite overshoot. Figure 8 depicts how this parameter varies as the negative NBPs propagate over finitely conducting ground. Note that the way in which this parameter varies with distance is rather complex. This ratio depends on how the two peaks (initial peak and the opposite overshoot) are attenuated with distance. This in turn depends on the frequency content or the time width associated with the peaks. According to the results given in Figure 8 , initially the opposite overshoot is attenuated more than the initial peak, but once the propagation distance becomes 50 km or so the attenuation of the initial peak becomes larger than the opposite overshoot. For this reason, for distances larger than about 50 km the ratio starts to decrease with distance.
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The results presented in this paper show that, due to their narrow width, the peak amplitude, the zero-crossing time, the FWHM, and the time derivatives of NBPs or the radiation fields from compact cloud discharges are significantly distorted by propagation effects. Any study designed to collect the statistical data on either the peak amplitude, the zero-crossing time, FWHM, or the time derivatives of these pulses should be conducted over ground planes of high conductivity utilizing nearby thunderstorms. Moreover, in any study pertinent to the remote sensing of currents of compact cloud discharges using NBPs, the data sample has to be recorded in such a way to minimize the propagation effects.
